White Spot Syndrome Virus (WSSV) is the most devastating disease affecting shrimp culture around the world. Though, considerable progress has been made in the detection and molecular characterization of WSSV in recent years, information pertaining to immune gene expression in shrimps with respect to WSSV infection remains limited. In this context, the present study was undertaken to understand the differential expression of antimicrobial peptide (AMP) genes in the haemocytes of Penaeus monodon in response to WSSV infection on a time-course basis employing semi-quantitative RT-PCR. The present work analyzes the expression profile of six AMP genes (ALF, crustin-1, crustin-2, crustin-3, penaeidin-3 and penaeidin-5), eight WSSV genes (DNA polymerase, endonuclease, immediate early gene, latency related gene, protein kinase, ribonucleotide reductase, thymidine kinase and VP28) and three control genes (18S rRNA, β-actin and ELF) in P. monodon in response to WSSV challenge. Penaeidins were found to be up-regulated during early hours of infection and crustin-3 during late period of infection. However, ALF was found to be up-regulated early to late period of WSSV infection. The present study suggests that AMPs viz. ALF and crustin-3 play an important role in antiviral defense in shrimps. WSSV gene transcripts were detected post-challenge day 1 itself and increased considerably day 5 onwards. Evaluation of the control genes confirmed ELF as the most reliable control gene followed by 18S rRNA and β-actin for gene expression studies in shrimps. This study indicated the role of AMPs in the protection of shrimps against viral infection and their possible control through the up-regulation of AMPs.
Introduction
White spot disease (WSD) caused by white spot syndrome virus (WSSV) is currently the most serious viral pathogen of shrimps worldwide causing 100% mortality within 7-10 days of infection (Sanchez-Paz, 2010) . Although considerable progress has been made in the characterization of WSSV, little work has been done on the host immune response particularly by haemocytes in response to the viral infection at the molecular level (Soderhall and Cerenius, 1992; Wongpanya et al., 2007) . Antimicrobial peptides (AMPs) which constitute innate immune defense mechanism, have been a subject of intense research in the last few decades; regarding their biosynthesis, activity against microorganisms, mechanism of action and potential clinical applications. In penaeid shrimps, three main families of AMPs have been currently described and characterized from the haemocytes: anti lipopolysaccharide factors (ALF), crustins and penaeidins (Rosa and Barracco, 2010; Tincu and Taylor, 2004) . The present study was undertaken to analyze the differential expression of AMP genes and WSSV genes in the haemocytes of Penaeus monodon in response to WSSV infection on a time-course basis employing semiquantitative RT-PCR. We hope the present study might generate new premise for understanding shrimp defense against WSSV infection in terms of AMP gene expression. To our knowledge this is the first report on the time-course analysis of AMP gene expression in the haemocytes of P. monodon in response to WSSV challenge.
Materials and methods

Experimental animals and rearing conditions
Healthy adult P. monodon (45-50 g body weight) collected from a local shrimp farm in Vypeen, Kochi were used for the study. The animals were kept in aquarium tanks of 500 l capacity and acclimatized for one month under laboratory conditions. Shrimps were fed standard diet (Higashi, India) twice daily ad libitum. Physico-chemical parameters such as salinity, pH, alkalinity, ammonia, nitrite, nitrate, dissolved oxygen and temperature were monitored daily and Contents lists available at ScienceDirect Aquaculture j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / a q u a -o n l i n e maintained at optimal levels (Table 1) . After acclimatization, six animals were sampled for gene expression analysis.
WSSV challenge
After four weeks (28 days) all the animals were challenged by feeding WSSV infected tissue at the rate of 1 g/animal. Sampling was performed at one day intervals for 10 days post-challenge WSSV and the survival was recorded daily. Six animals were sampled at each interval and only those in the intermoult stage were taken for analysis. Mortality by WSSV infection was confirmed by PCR amplification of the WSSV genes and by checking the characteristic white spots on the carapace of infected shrimps.
Haemolymph collection
Haemolymph was collected from the rostral sinus using capillary tubes (RNase-free) rinsed using pre-cooled anticoagulant solution (RNase free 10% sodium citrate, pH 7.0). Haemolymph was suspended in TRI reagent (Sigma) for total RNA isolation.
Total RNA isolation and reverse transcription
Total RNA was extracted from the haemocytes using TRI Reagent (Sigma) following manufacturer's protocol. RNA was quantified and checked for purity by spectrophotometry at 260 and 280 nm. Only RNAs with absorbance ratios (A 260 : A 280 ) greater than 1.8 were used for further experiments. First strand cDNA was generated in a 20 μl reaction volume containing 5 μg total RNA, 1× RT buffer, 2 mM dNTP, 2 μM oligo d (T 20 ), 20 U of RNase inhibitor and 100 U of M-MLV reverse transcriptase (Fermentas, Inc.). The reaction was conducted at 42°C for 1 h followed by an inactivation step at 85°C for 15 min.
Semi-quantitative RT-PCR analysis of target gene expression
Time-course analysis of target gene expression was determined by semi-quantitative RT-PCR using elongation factor (ELF) as the internal control. cDNA was diluted 5 times and amplified using Taq polymerase. PCR amplification of 1 μl of the diluted cDNA was performed in a 25 μl reaction volume containing 1× standard Taq buffer (10 mM Tris-HCl, 50 mM KCl, pH 8.3), 3.5 mM MgCl 2 , 200 μM dNTPs, 0.4 μM each primer and 1 U Taq DNA polymerase (Fermentas, Inc.) .
Amplification was performed using AMP gene primers (ALF, crustin-1, crustin-2, crustin-3, penaeidin-3 and penaeidin-5) ( Table 2 ). Amplification of eight WSSV genes (DNA polymerase, endonuclease, immediate early gene, latency related gene, protein kinase, ribonucleotide reductase, thymidine kinase and VP28) were also analyzed (Table 2) . Control genes viz. 18S rRNA, β-actin and ELF were also amplified ( Table 2 ). The thermal profile used was an initial denaturation at 94°C for 2 min followed by 27 cycles of denaturation at 94°C for 15 s, extension at 68°C for 30 s and a final extension at 68°C for 10 min for the target genes. Annealing temperature varied for the different target genes as given in Table 2 . The cycling number of the PCR had been optimized when the target genes and housekeeping genes were amplified at logarithmic phase. The PCR reaction of each sample was carried out in triplicate. PCR product was analyzed by electrophoresis in 1.5% agarose gel in TBE buffer, stained with ethidium bromide and visualized under UV light. The intensity of the gel bands was measured using Image J analysis software.
Results
Expression profile of control genes in the haemocytes of P. monodon in response to WSSV challenge
Expression profile of control genes viz. 18S rRNA, β-actin and ELF were found to vary for the various experimental samples analyzed. ELF was found to be the best among the three control genes studied followed by 18S rRNA and β-actin (Fig. 1 ).
Expression profile of AMP genes in the haemocytes of P. monodon in response to WSSV challenge
All AMP genes viz. ALF, crustin-1, crustin-2, crustin-3, penaeidin-3 and penaeidin-5 were found to be differentially expressed in the haemocytes of P. monodon pre-and post-challenge WSSV (Fig. 1) . ALF was found to up-regulate post-challenge WSSV. Not much variation in the expression profile of crustin-1 and crustin-2 could be detected in the haemocytes during initial hours of challenge. However, crustin-1 was found to down-regulate considerably during late hours of WSSV infection i.e. from post-challenge day 4 onwards. Expression profile of crustin-3 was worth noticing. This gene was found to up-regulate noticeably post-challenge day 3 to day 10 with considerable expression during late hours of WSSV infection. Penaeidin-3 and penaeidin-5 were found to up-regulate noticeably with WSSV challenge, especially during the 1st two days of WSSV challenge. However, during the late hours of WSSV infection, penaeidins were found to be down-regulated. Generally, ALF and penaeidins (3 and 5) were the only genes found to be up-regulated during early hours of WSSV challenge. In contrast, ALF and crustin-3 were found to be up-regulated considerably during the late hours of WSSV challenge (Fig. 1) . 3.3. Expression profile of WSSV genes in the haemocytes of P. monodon in response to WSSV challenge All WSSV gene transcripts could be detected within 48 h of WSSV challenge and revealed an almost similar pattern of expression for all the genes analyzed. None of the WSSV genes could be detected in the shrimp samples pre-challenge confirming the animals used for the study to be free of WSSV infection. Transcripts of DNA polymerase, endonuclease, protein kinase and VP28 genes could be detected post-challenge day 1 onwards. However, immediate early gene, latency related gene, ribonucleotide reductase and thymidine kinase were detected only post-challenge day 2 onwards. Expression of DNA polymerase, ribonucleotide reductase and VP28 genes were very low till 4th day postchallenge WSSV. Then onwards, the amount of all WSSV gene transcripts increased considerably during the experimental period (Fig. 2) .
Discussion
WSSV is considered to be the most devastating viral disease affecting the shrimp industry around the world (Sanchez-Paz, 2010).
Although extensive research and considerable progress has been made in the characterization of WSSV, little is known about the molecular mechanisms underlying WSSV infection and host immune response. Therefore, a study in this line would be helpful in developing strategies for management of the disease and long-term sustainability of penaeid shrimp farming worldwide.
In the past decade, a number of proteins involved in innate immunity in crustaceans have been characterized at both the protein and molecular level such as members of the proPO activating system, AMPs and lectins (Cerenius and Soderhall, 2004; Gross et al., 2001 ). However these factors are aimed at bacteria, fungi or parasites rather than viruses. Although AMPs have been well studied in the context of antibacterial and antifungal responses, there is little published data on the possible involvement of AMPs in viral infection (Antony et al., 2011; Dupuy et al., 2004; Liu et al., 2006; Roch et al., 2008) . Hence, the present investigation was undertaken to study the expression profile of AMP genes in response to WSSV infection and to examine the antiviral property of AMPs, if any. The transcriptional stabilities of three widely used reference genes, viz. β-actin, ELF and 18S rRNA were also examined (Fig. 1) . Analysis of the results proved ELF to be the best control gene for gene expression studies in shrimps when compared to that of β-actin and 18S rRNA. AMP genes expressed differentially in the animals both pre and post-challenge (Fig. 1) . Considerable expression of crustin-1, crustin-2 and penaeidin-5 could be observed during early hours of WSSV challenge and a noticeable down-regulation during late hours. This might be pointing out to the fact that these molecules are more related to antibacterial and antifungal activities than to antiviral defense. Of particular interest here is the response shown by ALF, crustin-3 and penaeidins. The results indicated that ALF, crustin-3 and penaeidins respond to WSSV invasion. While both the penaeidins were found to be up-regulated during early hours of WSSV infection; ALF and crustin-3 were found to be up-regulated from early (day 1) to late period (day 10) of WSSV infection. The enhanced production of these AMP transcripts during WSSV infection indicates their possible role in antiviral defense.
ALF, initially characterized in horseshoe crab has been reported to have a specific role in reducing viral replication (Liu et al., 2006) . In the (B) Fig. 1 (continued) . present study, ALF was found to be up-regulated during initial hours of WSSV challenge itself and exhibited an upward trend towards late hours of infection, when other AMP genes down-regulated. Indisputably this sheds light on the involvement of ALF in the host defense mechanisms especially against WSSV. The interference of ALF with viral replication warrants further investigation.
Crustins are cationic, cysteine-rich AMP in crustaceans, with a characteristic WAP domain (Relf et al., 1999) . Our identification of crustin-3 over expression in WSSV-challenged P. monodon indicates that these molecules might have antiviral activity. Crustin-3 was found to belong to single WAP domain (SWD) crustin type III family. Despite the report of the sequences of several shrimp SWD proteins, no biological function has yet been ascribed to these proteins. Nevertheless, more functional and proteomic studies are needed to elucidate the bioactivity of these molecules.
Penaeidins are the first AMPs to be reported from penaeid shrimps and are characterized by a proline-rich amino terminal region and a cysteine carboxyl-terminal domain (Destoumieux et al., 1997) . However, antiviral activities of penaeidins have rarely been investigated. Penaeidins and crustins have been reported to be differentially expressed in the WSSV-infected organisms and are believed to be directly involved in the immune response of invertebrates (Rojtinnakorn et al., 2002) . Our identification of penaeidin-3 over expression in WSSVchallenged P. monodon indicates that these molecules might possess antiviral activity. However, the penaeidins got down-regulated during late hours of WSSV infection.
The expression profile of functional and structural genes of WSSV were also analyzed in the present study. All WSSV genes were found to amplify within 48 h of WSSV challenge (Fig. 2) . Pattern of expression was almost similar for all the eight WSSV genes studied, except that four of the WSSV genes viz. DNA polymerase, endonuclease, protein kinase and VP28 genes could be detected from 24 h of WSSV challenge; whereas other four WSSV genes viz. immediate early gene, latency related gene, ribonucleotide reductase and thymidine kinase were detected only from 48 h of challenge. The amount of all WSSV gene transcripts were found to increase dramatically from 5th day postchallenge onwards and continued to increase during the experimental period. This shows that WSSV infection has reached its peak from 5th day onwards, when the shrimps were orally challenged with WSSV (Fig. 2) . Viral replication could be the predominant process in the haemocytes of WSSV-infected shrimp, allowing them to overcome the expression of shrimp immune related genes. Taken together, our results show that WSSV infection modulates AMP gene expression in haemocytes of WSSV challenged P. monodon. The over expression of AMP genes, such as ALF and crustin-3 in WSSV challenged animals, strongly suggests that these genes could be postulated as potential candidates involved in anti-WSSV defense in shrimps. This implies that these peptide molecules are involved in defense mechanisms in P. monodon against WSSV invasion. To our knowledge, this is the first report of the expression profile of AMP genes in the haemocytes of WSSV challenged shrimp on a time-course basis. This basic knowledge will provide information on AMP genes involved in shrimp defense against virus invasion. Detailed study on these molecules will allow further exploration of their specific role in the anti-WSSV defense and hopefully lead to a better understanding of the anti-WSSV peptides and their role in conferring protection to the animals. The information may also be of great value for adopting novel prophylactic strategy in shrimp health management to thwart WSSV infection.
Conclusion
Considerable up-regulation in AMP expression could be noticed post-challenge WSSV. A steady increase in ALF and crustin-3 expression could be observed post-challenge WSSV indicating their possible role in antiviral defense. Even though an immediate up-regulation was (B) Fig. 2 (continued) . noticed for both the penaeidins (3 and 5), their expression was getting decreased progressively as the infection got severe in the animals. The study showed that the WSSV challenge via diet results in shrimp infection at its peak on the fifth day itself and subsequently the animals succumb to death resulting in 100 % mortality on 11th day. This information on the differential expression of AMPs would definitely help in formulating a prophylactic strategy in shrimp health management against WSSV by adopting proper probiotics/immunostimulants which will stimulate the expression of these genes thwarting WSSV infection.
